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The paleolimnology of two lakes which were isolated as a result of the crustal uplift during the late Holocene
along the Soya Coast, Lützow-HolmBay, East Antarcticawere studied. The focuswas on temporal variations in
the biogeochemical composition of sediment cores recovered from Lake Skallen at Skallen and Lake Oyako at
Skarvsnes. Both sets of lake sediments record environmental changes associatedwith a transition frommarine
to lacustrine settings, as indicated by analyses of C and N contents, nitrogen isotopic compositions (d15N), and
major element concentrations. Changes in the dominant primary producers during the marine–lacustrine
transition (marine diatom to cyanobacteria) at L. Skallen was clearly revealed by biogenic opal-A, diatom
assemblages, and molecular signature from denaturing gradient gel electrophoresis (DGGE) with 16S ribo-
somal RNA (rRNA) gene analysis. Radiocarbon dating of acid-insoluble organic C suggested that the environ-
mental transition from marine to fresh water occurred at 2940 ± 100 cal yr BP at L. Skallen and
1060 ± 90 cal yr BP at L. Oyako. Based on these data, a mean crustal uplift rate of 3.2 mm yr1 is inferred
for the history of marine–lacustrine transition via brackish conditions. The geological setting causing glacio-
isostatic uplift was the primary factor in controlling the transition event in sedimentary and biological facies.
 2012 Elsevier Ltd. Open access under CC BY-NC-ND license. 1. Introduction
Previous studies have modeled isostatic rebound and eustatic
sea-level changes arising from the recession of large-scale conti-
nental ice sheets since the Last Glacial Maximum (LGM; e.g. Lam-
beck, 1993; James and Ivins, 1998; Bentley, 1999; Yokoyama et al.,
2000; Anderson et al., 2002; Huybrechts, 2002). Since the initial
work of Yoshikawa and Toya (1957), studies in the Lützow-Holm
Bay area of East Antarctica have provided data on relative sea-level
change during the Holocene. Geological approaches have included
techniques such as excavations and dating of macrofossils in raised
beaches, bedrock GPS and VLBI (Very Long Baseline Interferome-es, Japan Agency for Marine-
ushima, Yokosuka 237-0061,
xford University, Oxford OX1
-NC-ND license. try) measurements (e.g. Kaminuma, 1996; Miura et al., 1998a;
Soudarin et al., 1999; Shibuya et al., 2003; Fukuzaki et al., 2005;
Ohzono et al., 2006). Maemoku et al. (1997) suggested that the East
Antarctic Ice Sheet (EAIS) overrode the southern part of Lützow-
Holm Bay (Fig. 1) during the LGM. The Holocene marine limit along
the Soya Coast is estimated to have been approximately 18 m
above mean sea level (AMSL), based on radiocarbon analyses of
in situ fossils in raised beach deposits such as bivalve fossils (Lat-
ernula elliptica: Miura et al., 1998b,c) combined with modeling
studies (Nakada et al., 2000). Based on these studies, it was con-
cluded that most of the present-day ice-free areas along the south-
ern Soya Coast deglaciated by the mid-Holocene (Miura et al.,
1998c; Yamane et al., 2011). As an endemic suspension feeder,
radiocarbon dating of fossil L. elliptica tests is a potentially valuable
means of assessing past relative sea-level changes. However, such
applications are potentially limited by understanding of the eco-
logical characteristics of L. elliptica, particularly the range of depths
at which it occurs in the benthic marine environment, thus requir-
ing further consideration of the signiﬁcance of these fossil dates.
Fig. 1. Map showing the distribution of ice-free areas (Rundvågshetta, Skallen, Skarvsnes and Langhovde) along the Soya Coast, East Antarctica. Arrows indicate the ice-ﬂow
directions of present-day outlet glaciers (see Sawagaki and Hirakawa, 1997). Also shown are detailed location maps of Lake Skallen Oike at Skallen and Lake Oyako at
Skarvsnes. Topographic contours for the lakes are based on compilation data from the Geographical Survey Institute (1973, 1987). The contour interval is 10 m for location
maps in Skarvsnes and Skallen.
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coastal isolation basins to identify and date the precise point at
which they were isolated from the sea. This relies on accurate iden-
tiﬁcation of the isolation event, precise measurements of the sill
height and a well-constrained chronology (Hodgson and Smol,
2008). Although little is described about the sedimentary facies of
the Soya Coast within Lützow-Holm Bay, lake sediments accumu-
lated in ice-free coastal areas provide important clues in recon-
structing the paleo-environment (e.g. Matsumoto et al., 2006,
2010). In this study, marine–lacustrine transitions were identiﬁed
based on temporal variations in the biogeochemistry, molecular
biology and macrofossil assemblages of sediments recovered from
two lakes (at Skallen and Skarvsnes) on the Soya Coast, Lützow-
Holm Bay. These data are interpreted in terms of lake development
and glacio-isostatic uplift togetherwith previously published radio-
carbondatesonL. elliptica. Aquantitativeapproximationof themean
glacio-isostatic uplift rate during the late Holocene is provided.
2. Materials and methods
2.1. Geological location and sampling
Imura et al. (2003) and co-workers have described a range of
lake types in the Soya Coast region, from freshwater lakes affected
by continental glaciers to saline lakes that evaporated following
their isolation from the ocean during Holocene glacio-isostatic up-
lift. Skallen is a 14.1 km2 ice-free coastal area of rocky hills located
in east Lützow-Holm Bay (Fig. 1). Fig. 2a and b shows photographs
of the landscape in this area and of the water inﬂow and outﬂow at
Lake Skallen (hereafter L. Skallen; see Table 1), which is located incentral Skallen. The length of L. Skallen is 1180 m (Imura et al.,
2003). Igarashi et al. (1995) reported 14C ages of L. elliptica col-
lected from raised beach deposits (7.0 m and 12.0 m AMSL) near
the outﬂow point of L. Skallen (see the sampling site in Miura
et al., 1998c).
Skarvsnes is the largest ice-free area (61 km2) along the Soya
Coast. Lake Oyako (hereafter L. Oyako) is located within Skarvsnes,
near Kizahashi Beach (Miura et al., 1998c). The length of L. Oyako is
430 m (Imura et al., 2003). Hayashi and Yoshida (1994) reported
the 14C ages of L. elliptica collected from raised beach deposits
(5.0 m AMSL) located at the lakefront of L. Oyako (see the sampling
site in Miura et al., 1998c). The present tidal range along Soya coast
is within ca. ±0.5 m (e.g. Aoki et al., 2000).
L. Skallen and L. Oyako are presently separated from the open
ocean by sills with heights (outﬂowing points) of 9.64 ± 0.02 m
and 2.37 ± 0.01 m AMSL (based on the in situ measurements;
Table 1), respectively.Murayama et al. (1988) also documented that
the ice-thickness of L. Skallenwas <1.5 m. In the authors’ expedition,
the ice-thickness of L. Skallenwas 1.3 mat the coring point (Table 1).
Lake sediments were collected from these lakes using push-
type corers (diameter 8 cm) during the 47th Japanese Antarctic
Research Expedition (December 2005–February 2006; see the core
images in Fig. 3). The corer equipped with a core-catcher is
believed to have penetrated to the bed-rock of both lakes, i.e. the
bottom of the sediment. Matsumoto et al. (2010) also sampled to
the sediment bottom at a different location within L. Skallen. Since
there was a logistical limitation with the freezer (<20 C) at the
ﬁeld survey, the cores were cut into 3–10 cm intervals and stored
at 0–4 C and 20 C for further geochemical and molecular anal-
ysis, respectively (Shiraishi, 2007; Takano et al., 2010).
Fig. 2. (a) Photographs of the landscape at L. Skallen, showing the water inﬂow and outﬂow point (9.64 ± 0.02 m AMSL), as taken in December 2005. (b) The coring point (this
study) on bathymetric map of Lake Skallen modiﬁed after Tanabe and Kudoh (2009). Sampling positions of L. elliptica (7.0 m and 12.0 m AMSL; Igarashi et al., 1995; Miura
et al., 1998c) were also plotted. (c) Photographs of the landscape at L. Oyako, showing the water inﬂow and outﬂow (2.37 ± 0.01 m AMSL), as taken in January 2006 (Photo
credit: M. Kobayashi, JARE46). The sampling point (5.0 ± 1 m AMSL; Hayashi and Yoshida, 1994; Miura et al., 1998c) of L. elliptica is also shown. The spot height near the water
inﬂow point (6.4 m AMSL) is shown (Geographical Survey Institute, 2001). The sediment core sample was collected from the lake center as shown in GPS data (Table 1). See
also the landscape and freshwater biota in L. Oyako (Tanabe et al., 2008).
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Table 1
Details of sampling locations, sample proﬁles, in situ sill height measurement data.
The in situ measurement of sill height on the overﬂow points of L. Skallen (data
acquisition; 2012/2/9 8:41:00–2012/2/10 12:27:30 on universal time coordinated)
and L. Oyako (data acquisition; 2012/1/15 15:28:30–2012/1/17 16:33:00 on UTC)
during the 53rd Japanese Antarctic Research Expedition (Supplementary informa-
tion). GPS data was collected for up to 48 h at 30 s intervals on the sill of the two
lakes, with an antenna GrAnt-G3T (JAVAD GNSS Inc.) and a receiver GEM-1 (GNSS
Technologies Inc.). The GPS data was then analyzed with GPS processing software
RTKLIB to estimate the 3-dimensional coordinate of the GPS receiver. The coordinate
(latitude, longitude and altitude) was estimated using the geoid height that was
corrected with a global geoid model EGM2008.
Lake proﬁle L. Skallen L. Oyako
Sampling location Skallen Skarvsnes
Max water depth (m) 10 ma 8.0 m
Sample proﬁle
Sample name Sk5S Ok5S
Core length 362 cm 153 cm
Coring point by GPS data
Latitude (S) 69.40017.800 69.28031.0500
Longitude (E) 39.24044.000 39.36008.2300
Sill height measurement
Sill height (m) 9.64 ± 0.02 m 2.37 ± 0.01 m
Position by global navigation satellite system
Latitude (S) 6940019.784900 6928029.705600
Longitude (E) 3924010.969800 3936027.299200
a The ice thickness was <1.3 m during Sk5S sampling.
Fig. 3. (a) Photographs of the sediment core Sk5S obtained from L. Skallen. (b) Photograph
Color Charts. (c) Lithology and description of cores Sk5S and Ok5S.
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Major elements (MgO, Al2O3, SiO2, K2O, CaO, TiO2, MnO, and
Fe2O3) were determined by X-ray ﬂuorescence (JSX-3211, JEOL),
calibrated using Geological Survey of Japan (GSJ) standard materi-
als (JA-1, JA-3, JB-1a, JB-3, JG-2, JG-3, JGb-1, JP-1, JLK-1, JLs-1, JDo-1,
JSI-1, JCh-1, JR-3, JMn-1, JSd-2, and JSd-3) (e.g. Imai et al., 1995,
1996, 1999). The data presented represent the mean value of two
analyses. The opal-A was identiﬁed by X-ray diffraction (XRD,
Mac Science Co. Ltd.) to acquire the signal of amorphous biogenic
silica derived from diatoms. Color data were obtained using a dig-
ital color meter (SPAD 503, Konica Minolta) and revised Standard
Soil Color Charts (e.g. Oyama and Takehara, 2005).
After HCl pretreatment of freeze-dried sediments, C and N iso-
topic ratios were mainly determined using an isotope ratio mass
spectrometer (IRMS; Delta Plus XP, ThermoFinnigan) coupled with
a Flash elemental analyzer (EA; EA1112, ThermoFinnigan) via a
Conﬂo III interface (e.g. Ogawa et al., 2010). For a small number
of samples, an elemental analyzer–isotope ratio mass spectrometer
was also used (Costech 4010 Elemental Analyzer; ThermoFinnigan
Delta plus Mass Spectrometer). Carbon and N isotopic composi-
tions are expressed as the ‰ deviations from the standard, as
follows: d13C = [(13C/12C)sample/(13C/12C)standard  1]  1000 (‰ vs.
PDB) for C and d15N = [(15N/14N)sample/(15N/14N)standard  1]  1000
(‰ vs. Air) for N. Elemental analyses of C, N and S were performeds of core Ok5S obtained from L. Oyako. The color data was assessed by Standard Soil
Fig. 3. (continued)
2550 Y. Takano et al. / Applied Geochemistry 27 (2012) 2546–2559using a Micro CORDER JM10 (J-Science Lab Co., Ltd.). In order to
establish a geochronology, some of the sedimentary organic C frac-
tions in selected samples were analyzed after HCl pretreatment for
radiocarbon ages (14C), corrected with their d13C value, using an
accelerator mass spectrometer (AMS) housed at the University of
Tokyo, Japan (Yokoyama et al., 2007), and by Beta Analytic Inc.,
Florida, USA and calibrated following the procedures described in
Table 2.
2.3. Diatom analysis to conﬁrm biological facies
In addition to chemical analysis of amorphous biogenic silica,
sediments from core Sk5S were prepared for diatom analysis using
standard procedures (Battarbee et al., 2001). Following chemical
treatment, samples were rinsed three times in de-ionized water
and concentrated by centrifugation (1500 rpm). The residual dia-
tom material was mounted on microscope slides using Norland
optical adhesive, and ﬁxed under ultraviolet light. A minimum of
300 diatoms were counted per sample using phase-contrast light
microscopy at 400 and 1200 (oil immersion) magniﬁcation,
and classiﬁed as marine or freshwater, following Hirano (1983),
Krammer and Lange-Bertalot (1986, 1988, 1991a,b), Medlin and
Priddle (1990), and Spaulding et al. (2008).2.4. DGGE analysis with 16S rRNA gene
DNA-based analyses were conducted on the 12 subsamples
from L. Skallen (0–10, 50–60, 100–110, 150–160, 160–170,
170–180, 180–190, 190–200, 240–250, 290–300, 320–330, and
350–360 cm). Total DNA was extracted from 0.5 to 1.0 g of each
sample using the UltraClean Soil DNA Isolation Kit (Mobio, Carls-
bad, CA, USA).
For denaturing gradient gel electrophoresis (DGGE) analysis,
fragments of 16S rRNA gene were ampliﬁed by polymerase chain
reaction (PCR) using primers GC341f and 907r (Muyzer et al.,
1996). The PCR reaction solution consisted of 0.25 lL of Takara
Ex Taq (5 units lL1, Takara), 5 lL of 10 Ex Taq Buffer, 4 lL of a
dNTP mixture (2.5 mM each), 0.5 lL of each primer (25 lM), 1 lL
of the template DNA solution, and 39 lL of sterile water. The PCR
ampliﬁcation was initiated with a denaturation step of 2 min at
94 C, followed by 30 cycles of 94 C for 30 s, 45 C for 30 s, 72 C
for 45 s. The low annealing temperature was used to reduce PCR
bias (Ishii and Fukui, 2001). A ﬁnal extension was performed for
10 min at 72 C. The PCR products were subjected to DGGE analysis
with a 1.5-mm-thick 6% (w/v) polyacrylamide gel (acrylamide:bis-
acrylamide = 37.5:1), using a DCode system (Bio-Rad, Hercules, CA,
USA). The range of the denaturant gradient was 20–60% (100%
corresponds to 40% (v/v) formamide and 7 M urea). The electro-
phoresis was run in 0.5 TAE buffer (20 mM Tris, 10 mM acetic
acid, and 0.5 mM EDTA, pH 8), at 60 C for 16 h at a constant
voltage of 100 V. After the electrophoresis, the gels were stained
with SYBR green I for 45 min, and then photographed with a UV
transillumination.
Several major bands were cut from the gel, and DNA fragments
in the pieces of gel were eluted by incubation in 10 lL of sterile
water overnight at 4 C. From 1 lL of each resulting solution,
DNA fragments were re-ampliﬁed with the same primer pair and
then subjected to sequencing. Prior to the sequencing, each PCR
product was puriﬁed with ExoSAP-IT (USB Corporation, Cleveland,
OH, USA). Sequencing reactions were performed with the BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, CA,
USA) and the products were analyzed using an ABI PRISM
3100-Avant Genetic Analyzer (Applied Biosystems, CA, USA). The
sequences obtained were compared to those in the DDBJ/EMBL/
GenBank database by using the online BLAST program located at
the NCBI website (http://www.ncbi.nlm.nih.gov/).3. Results
3.1. Geochemistry and nitrogen isotopic compositions of sedimentary
facies
The upper sections of core Sk5S (from L. Skallen) consist of soft
black microbial mats with olive black, greenish black, and bluish
black coloring, while the lower sections of the core are largely gray
to dark gray (Fig. 3a and c). The distinct laminations in Sk5S and
Ok5S indicate well-preserved paleo-limnological records in both
lakes. Some sediment deformation of unknown origin was ob-
served at 250–260 cm in L. Skallen, and 110 cm in Ok5S (see also
Fig. 4a and b). Since sedimentary facies could not be distinguished
the color and lithological description, we conducted geochemical
analysis including major element and N isotopic composition.
Fig. 4 shows depth proﬁles of chemical concentrations in the
two cores. The total C (TC) content shows a marked increase begin-
ning at 180 cm depth in core Sk5S and 90 cm depth in Ok5S. In
Sk5S, the sedimentary TC content is less than 4 wt% in sediments
deeper than 180 cm, but is up to 7.9 wt% immediately above
180 cm and 19.7 wt% at 45 cm depth (cf. supporting data from
Matsumoto et al., 2010). Although the trend is less clear in Ok5S,
Fig. 3. (continued)
Table 2
Radiocarbon (14C) age data obtained by accelerator mass spectrometry (AMS) for organic C fractions from cores Sk5S and Ok5S collected from L. Skallen and L. Oyako, respectively.
Conventional radiocarbon dating of organic C (14Corg, yr BP) and correction for the marine reservoir effect (DR as 1100 yr for marine stage sequence; 360–362 cm in Sk5S; 150–
153 cm in Ok5S) are based on previous studies (Hayashi and Yoshida, 1994; Ingolfsson et al., 1998). Calendar age data were calculated using the calibration program Calib Rev
5.0.1 (Stuiver and Reimer, 1993; Stuiver et al., 1998) for INTCAL and MARINE (Hughen et al., 2004; Reimer et al., 2004). The 14Corg age of the marine–lacustrine transition sequence
(180–190 cm in Sk5S; 90–95 cm in Ok5S) was calculated by the straight-line approximation between marine and lacustrine data (Fig. 4). The marine C percentages used at the
marine–lacustrine transition sequence (180–190 cm in Sk5S; 90–95 cm in Ok5S) and marine stage sequence (360–362 cm in Sk5S; 150–153 cm in Ok5S) were 50% and 100% in






(d13C corrected) (yr BP)
1r
(±)
Calendar age (2r range)
(cal yr BP)
Relative area under probability
function
L Skallen
Sk5S 40–50 45.0 680 30 634–680 0.63
561–596 0.37
70–80 75.0 1285 40 1167–1294 0.93
1132–1162 0.05
1091–1108 0.02
150–160 155.0 2580 40 2691–2769 0.67
2612–2638 0.12
2498–2596 0.21
180–190 185.0 4150 40 2843–3042 0.96
2800–2820 0.02
3046–3063 0.02
360–362 361.0 6160 60 5293–5559 1.00
L. Oyako
Ok5S 15–18 16.5 310 30 346–463 0.76
301–342 0.24
36–39 37.5 435 30 456–532 0.97
337–348 0.03
80–85 82.5 965 40 788–939 0.98
943–955 0.02
90–95 92.5 2010 40 965–1150 0.95
1156–1171 0.05
150–153 151.5 3050 40 1383–1610 1.00
Y. Takano et al. / Applied Geochemistry 27 (2012) 2546–2559 2551the TC content jumps from 2.5 to 6.4 wt% across 90 cm depth. Sim-
ilar trends are observed in both cores in proﬁles of total N (TN) and
C/N (Supplementary information). In Sk5S, total S (TS) content isstrongly elevated at 80–180 cm depth, probably reﬂecting the
accumulation of sulﬁdes under past meromictic conditions (see
bathymetric map in Fig. 2b). The N isotopic composition (d15N) of
Table 3


















10–20 15 289 11 2 0 0 99.3 0.7
70–80 75 404 3 1 0 0 99.8 0.2
140–150 145 351 56 3 0 0 99.3 0.7
170–180 175 353 3 8 1 7 95.7 4.3
200–210 205 162 0 151 2 56 43.7 56.3
270–280 275 38 0 303 0 106 8.5 91.5
320–330 325 65 0 260 0 61 16.8 83.2
2552 Y. Takano et al. / Applied Geochemistry 27 (2012) 2546–2559bulk organic matter within lake sediments also appears to show a
signiﬁcant shift in both cores. Values of +6.1‰ at the mid-depth of
315.0 cm in Sk5S and +6.7‰ at the mid-depth of 151.5 cm in Ok5S
are indicative of marine sediments (Fig. 4), whereas the 15N-de-
pleted isotopic composition of shallow sediments within the cores
(0‰) suggests that N assimilation occurred in a freshwater envi-
ronment (e.g., Michener and Lajtha, 2005).Fig. 4. Sedimentary facies deﬁned by total C (TC), total N (TN), total S (TS), and age data fo
HCl treatment to collect the organic fraction) are shown with the circled sequential dept
interval analysis (d13C precision <±0.14‰, d15N precision <±0.40‰: Ogawa et al., 201
correction for the marine reservoir effect (DRorg as 1100 yr) are based on previous stu
calculated using the calibration program Calib Rev 5.0.1 (Stuiver and Reimer, 1993; Stui
Major element concentrations (dry, wt%) for SiO2, Fe2O3, Al2O3 and TiO2 are shown for L3.2. Major components of sedimentary facies and opal-A signatures in
marine stage
The compositional trends of some inorganic major elements
also indicate a marked transition in each of the cores (Fig. 4). The
lower sediments in both lake cores were substantially SiO2-en-
riched (<73% in Sk5S; <57% in Ok5S) indicating high SiO2r cores Sk5S (a) and Ok5S (b). d13Corg (‰ vs. PDB) and d15N (‰ vs. air) data (following
h. The analytical errors were veriﬁed by a laboratory working standard and periodic
0). Conventional radiocarbon dating of sedimentary organic C (14Corg, yr BP) and
dies (Hayashi and Yoshida, 1994; Ingolfsson et al., 1998). Calendar age data were
ver et al., 1998) for INTCAL and MARINE (Hughen et al., 2004; Reimer et al., 2004).
. Skallen and L. Oyako.
Fig. 4. (continued)
Fig. 5. (a) Diagram of Al2O3 (wt%) vs. SiO2 (wt%) and the end-member proﬁles from Sk5S and Ok5S cores, divided into marine and lacustrine sedimentary stages (see Fig. 4).
Possible surge events represented by ﬁne sandy layers are also plotted for Ok5S. (b) Diagram of Al2O3 (wt%) vs. Fe2O3 (wt%) and the end-member proﬁles from Sk5S and Ok5S
cores, divided into marine and lacustrine sedimentary stages (see Fig. 4).
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Fig. 6. (a) Biological facies of fossil diatoms, showing the relative abundance of freshwater and marine species (Table 3). (b) Representative 2h peaks of opal-A (the light
shading signatures), as obtained by X-ray diffraction (XRD) analysis (Mac Science Co. Ltd.), for sample from core Sk5S.
2554 Y. Takano et al. / Applied Geochemistry 27 (2012) 2546–2559end-member values under marine conditions and low SiO2 associ-
ated under more recent freshwater conditions. The mixture of
these two end-members can be illustrated in a SiO2–Al2O3 dia-
gram, in which contrasting mixing trends are observed on either
side of the 180 cm in Sk5S and 90 cm depth in core Ok5S (Fig. 5).
In both cores, the high SiO2 end-member compositions suggest aFig. 7. DGGE band patterns of the 16S rRNA gene fragments. Numbers on the lanes
indicate sediment depths (cm). Other sequences are provided in Supplementary
information.large contribution of biogenic silica from Antarctic seawater (Cor-
tese et al., 2004) and from an abundance of diatoms (Figs. 5 and
6a). The Al2O3/SiO2 plots also show a marked transition in the sed-
iments of both cores, while Al2O3/Fe2O3 plots show a marked tran-
sition in Lake Skallen only (Fig. 5a and b). The ratio of Al2O3/TiO2
and SiO2/TiO2 are informative about the origin of the source rock
(Young and Nesbitt, 1998), presumably including hydro-geological
surge events (e.g., mid-depth 315 cm in Sk5S and 110 cm in Ok5S;
see also water inﬂow channel in Fig. 2a and b).
X-ray diffraction analyses of sediment from core Sk5S indicate
abundant opal-A in deeper parts of the section (355 cm) relative
to that in shallower parts (165 cm), suggesting a biological origin
of this silicate (Fig. 6b). The reduction in opal-A abundance within
the shallower part of the section suggests a decrease in diatom
abundance, possibly associated with a net reduction in
productivity, an increase in non-silicate photoautotrophs such as
cyanobacteria (unpublished data) and an increase in dilution by
minerogenic matter. X-ray diffraction analyses of sediment from
core Sk5S indicate abundant opal-A in deeper parts of the section
(355 cm) relative to that in shallower parts (165 cm), conﬁrming
the biological origin of silicate (Fig. 6a; cf. supporting data in
Fig. 7).
It is interesting to note that Fe2O3 (wt%) in the Sk5S sediment is
negatively correlated with SiO2 (wt%) and positively correlated
with total C and N contents (Fig. 4a). Based on the Fe2O3–Al2O3
plot, the main source of Fe oxide in L. Skallen might have changed
during the marine–lacustrine transition, while L. Oyako has fol-
lowed a constant trend. Bed-rock is a possible source of Fe oxide
entering the lake via groundwater seepage or surface runoff via
the wide catchment basin in the Lützow-Holm Bay region (e.g.
Kawakami and Motoyoshi, 2004: see also Fig. 2a).
3.3. Radiocarbon age determination of sedimentary organic matter
The geochemical data indicate that a signiﬁcant transition oc-

























(a) Past lake setting (marine)
(b) Present lake setting (lacustrine)
marine sediment 
Fig. 8. Schematic representation of the uplift-related emergence event that marked the transition between marine and lacustrine sedimentary stages. (a) Past lake setting;
the time t0 represents the timing of the initial deposition of sediment upon bedrock following the cessation of glacial erosion. (b) Present lake setting; the times t1 and t2
represent the emergence age (transition frommarine to freshwater including temporal brackish condition; AMSLt=1) and the present age (AMSLt=2), respectively. The record of
relative sea-level changes could be estimated from present sill height and sea-level (AMSL).
Y. Takano et al. / Applied Geochemistry 27 (2012) 2546–2559 2555in Ok5S (L. Oyako). AMS radiocarbon dates for organic matter were
obtained both above and below these transitions (Fig. 4 and
Table 2). In order to provide a radiocarbon reservoir correction
for marine organic matter, notice was taken of the radiocarbon
dates of Yoshida and Moriwaki (1979) on the raw ﬂesh and shells
of living marine benthic organisms (Neoliuccinum eatoni, Ophiono-
tus victoriae, Sterechinus neumayeri, Trematomus berunacchii, and
Zoarcidae sp.), which yielded values from 1010 ± 110 to
1190 ± 90 yr BP (mean 1120 yr BP: Yoshida and Moriwaki, 1979;
cf. 1100 yr from Hayashi and Yoshida, 1994). Here, the 1100 yr
value was subtracted before calibration of radiocarbon dates below
180 cm depth in Sk5S and 90 cm depth in Ok5S (Hayashi and
Yoshida, 1994; Ingolfsson et al., 1998). Reservoir corrections were
not performed for radiocarbon dates obtained for sediments above
these depths because the radiocarbon ages of freshwater lacustrine
lake sediments in East Antarctica including those at Langhovde,
Skarvsnes, and West Ongul Island over the past 2300 yr show a
linear trend with depth (Matsumoto et al., 2006). Since the radio-
carbon dating of core-top sediment of L. Skallen is up to 150 cal yr
BP, it is suggested that the effect of relic old C in the lake water is
not signiﬁcant (Matsumoto et al., 2010).
Following these protocols, ages were obtained for the main
transitions of 2940 ± 100 cal yr BP for L. Skallen and 1060 ± 90
cal yr BP for L. Oyako. The age of the ﬁrst sediments deposited at
the two sites following deglaciation was also estimated (Figs. 4
and 8) which were 5293–5559 cal yr BP (2r) at L. Skallen and
1383–1610 cal yr BP (2r) at L. Oyako.3.4. Biological facies of fossil diatoms at Skallen
A transition from marine to freshwater conditions is clearly
documented by changing sedimentary diatom assemblages and
biogenic silica in the core from L. Skallen (Fig. 6a and b), consistent
with the geochemical data (Fig. 4). Below 200 cm depth in the core,
over 70% of the diatoms and other siliceous microfossils are typical
of coastal marine taxa, including various Thalassiosira species, Frag-
ilariopsis curta (Van Heurck) Hustedt, Amphiprora sp., numerous
Chaetoceros spores, and the silicoﬂaggelate Distephanus speculum
(Ehrenberg) Haeckel. The sediments also include Achnanthes brev-
ipes, Navicula directa (W. Smith) Ralfs, Cocconeis imperatrixM. Pera-
gallo, Pinnularia quadraterea var. bicuneata Heiden and Kolbe, and
Amphora ovalis Kützing which are considered to be typically brack-
ish species (Fukushima, 1962), suggesting the inﬂuence of coastal/
transitional conditions at some stage during the depositional
period.
The relative abundance of brackish/freshwater taxa increases at
depths of less than 200 cm in the core, coinciding with a decrease
in the abundance of marine phytoplankton. Marine taxa are scarce
above 175 cm depth, replaced by a predominantly freshwater ﬂora
of low diversity. Diversity is lowest in the uppermost sediments
(between 15 and 150 cm depth), where diatom assemblages are
dominated by Amphora oligotrophenta Howarth, Navicula arcuata
Heiden in Drygalski, and Navicula molesta Krasske in Hustedt, with
lesser concentrations of Stauroneis anceps Ehrenberg, Diploneis sub-
cincta (A. Schmidt) Cleve, Navicula gregaria Donk in Cleve-Euler,
Fig. 9. (a) Linear approximation model of emergence age (cal yr BP, Eq. (1)) based on the transition from marine to lacustrine sedimentary facies in the lake sediment cores.
Here, the Pearson’s correlation coefﬁcient is shown as a straight-line approximation. Here, AMSL (m) = 3.2  103 yr (cal yr BP) was obtained and Eq. (1) for the proposed rate
constant kSk,Ok was 3.2 mm yr1 (r2 = 0.98). Tidal ﬂuctuation ranges (±0.5 m) were reported from sea-level observations performed along the Soya Coast, Lützow-Holm Bay
(Aoki et al., 2000). (b) Linear approximation model of reference data compiled from raw data for L. elliptica fossils in Kizahashi beach (see Fig. 1), from the Soya coast along
Lützow-Holm Bay (Miura et al., 1998c). Black circles (cal a BP) represent the proposed rate constant kL.elliptica calculated using Eq. (2), taking into account the marine reservoir
effect and calibrated using Calib Rev 5.0.1. Here, AMSL (m) = 3.2  103 yr (cal yr BP of L. elliptica) – 3.4 was obtained and Eq. (2) for the proposed rate constant kL.elliptica was
3.2 mm yr1 (r2 = 0.68). A marine reservoir correction (DRL.elliptica) for the reference data was tentatively based on a calcareous marine fossil correction of 1300 ± 100 yr
(Berkman and Forman, 1996) and the latest studies of Miura and co-workers (Miura et al., 2002). All of the data shown here are presented on the map of Miura et al. (1998c)
and references therein.
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taxa can be found in contemporary lake environments in the
Skarvsnes area (Hirano, 1983).
3.5. Phototrophs determined by 16S rRNA and the marine–lacustrine
transition
The PCR–DGGE analysis was performed to derive independent
evidence for changes in the biota of L. Skallen through time from
DNA preserved within the sediment (Fig. 7). In the upper 190 cm,
DGGE band patterns varied drastically according to depth although
several bands were detected throughout a broad range of sediment
depths. In contrast, sediment samples deeper than 190 cm exhib-
ited similar band patterns, characterized by two predominant
bands (skA and skB). In contrast, sediment samples deeper than
190 cm exhibited almost identical band patterns, characterized
by two predominant bands (skA and skB). These two bands had
identical nucleotide sequences, which were very closely related
to that from the chloroplast of the marine diatom, Chaetoceros so-
cialis (identity = 526/528 bp). It is very likely that this sequence
originated from marine diatoms buried within the sediment. Mar-
ine diatom-related bands were not detected in the shallower lay-
ers, suggesting a change in the biota of L. Skallen through time.
Band skC was detected in the depth range of 160–200 cm, and clo-
sely related to cyanobacteria of the genus Synechococcus. It is likely
that the organism corresponding to this band existed within the
water column or surface sediments during the depositional age
corresponding to these layers. However, the other sequenced
DGGE bands (labeled in Fig. 7) were closely related to other types
of bacteria or only distantly related to cultured bacterial strains. As
for these bands, it is impossible to judge whether they had been
preserved in the sediment since their deposition, or were actively
growing within the sediment.4. Discussion
4.1. Holocene crustal uplift rate around Lützow-Holm Bay
Lake sediments within cores Sk5S (L. Skallen) and Ok5S (L.
Oyako) record a transition from marine to lacustrine conditions
including temporary brackish conditions, as indicated by various
chemical contents such as C and N concentrations, signiﬁcant shift
of N isotopic compositions (Lehmann et al., 2002) and major ele-
ment concentrations (Fig. 4). Model predictions of glacial isostatic
adjustment (GIA) in West Antarctica indicate present-day uplift
rates of 14–18 mm yr1 (e.g. Ellsworth Mountains region), with
lower rates in the East Antarctic coastal region (Ivins and James,
2005). However, relatively few studies have documented uplift
rates based on marine–lacustrine transitions in East Antarctica.
In the Lambert Glacier region, the relative uplift rate has been esti-
mated to be 1.8–1.9 mm yr1 based on a linear approximation of
dated marine–lacustrine transitions over the past 2800 cal yr BP
(Verleyen et al., 2005). This ﬁgure is comparable to rates reported
for the Vestfold Hills (Zwartz et al., 1998).
Based on sill heights (Table 1 and Fig. 8) on L. Skallen and L.
Oyako, and an age model based on the ecology (Fig. 9), the mean
crustal uplift rates during the late Holocene is estimated in the
Lützow-Holm Bay area. The dates of the marine freshwater transi-
tions were deﬁned where time t0 represents the initial marine
stage, and t1 and t2 represent the emergence age (i.e., the transition
from marine to freshwater; AMSLt=1) and the present day
(AMSLt=2), respectively (Fig. 8). Therefore, the crustal uplift rate k
is deﬁned as
k ¼ ðAMSLt¼2  AMSLt¼1Þ=ðt2  t1Þ Eq: for k
where AMSLt=1 is equal to 0 m, representing the emergence event
(marine–lacustrine transition) in cal a BP. Given that the present sill
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range within ±0.5 m after Aoki et al., 2000), respectively, the mean
crustal uplift rate kSk,Ok was calculated to be 3.2 mm yr1 (r2 = 0.98)
for the period since the marine–lacustrine transition; i.e., over the
past 2940 years at Skallen and the past 1060 years at Skarvsnes
(Eq. (1) in Fig. 9a). The order of uplift rate is consistent with present
uplift rates estimated by bedrock GPS (2.3 ± 0.3 mm yr1) and VLBI
(4.6 ± 2.2 mm yr1) in Kaminuma (2008).
The relative sea-level changes of the Vestfold Hills were esti-
mated from marine–lacustrine transitions including Ace Lake
(e.g., Roberts and McMinn, 1999; Coolen et al., 2004) and Anderson
Lake (Roberts and McMinn, 1998; Zwartz et al., 1998). Subse-
quently, the 10 relative sea-level curves of the Larsemann Hills
were also estimated (Verleyen et al., 2005). Relative sea-level
changes with other ice-free areas along the EAIS suggests that
the present uplift rate along the Soya Coast is greater than that
in the Larsemann Hills and Vestfold Hills (Supplementary
information).
4.2. Primary producers in L. Skallen
N. arcuata has been reported from freshwater ponds at Skarvs-
ness (Hirano, 1983) and Akebono Rock (Fukushima et al., 1989),
and N. molesta has been collected from freshwater habitats around
the Syowa base of the Ongul Islands (Ko-Bayashi, 1965). However,
the dominance of A. oligotrophenta in particular might indicate a
continuation of brackish conditions through to the present day.
A. oligotrophenta is considered a mesohaline diatom, and is cosmo-
politan across saline lakes within the European Diatom Database
(http://craticula.ncl.ac.uk/Eddi/jsp/index.jsp); however, its abun-
dance appears to be optimal in less-saline waters with low conduc-
tivity. A similar increase of A. oligotrophenta (described as A. veneta
and A. veneta var. capitata) was observed in the sediments of the
coastal brackish Pup Lagoon at Larsemann Hills and interpreted
as indicating saline lacustrine conditions following isolation
(Gillieson, 1991; Verleyen et al., 2004). The upper sediments of
Pup Lagoon are characterized by an ubiquitous cyanobacterial
mat that is also evident throughout recent non-marine sediments
of L. Skallen. Therefore, it is also possible that the low-diversity
diatom ﬂora within the upper sediments of L. Skallen reﬂect a
symbiotic, periphytic relationship between the dominant diatom
taxa (A. oligotrophenta and N. arcuata) and the cyanobacterial mat.
4.3. Ecology of the suspension feeder bivalve, L. elliptica: an insight
into habitat depth
In order to validate the ﬁrst-order model of glacial-isostatic up-
lift rate derived from L. Skallen and L. Oyako (kSk,Ok), these esti-
mates were compared with uplift rates based on radiocarbon
dating of in situ marine mollusk fossils (L. elliptica) from raised
beach deposits, described previously (Miura et al., 1998c)
(Fig. 9b). Radiocarbon dating of marine fossils around Antarctica
is problematic because of the reservoir effect associated with melt
water from the ice sheet and upwelling of Antarctic deep water.
Furthermore, the water depth of the habitat of marine fossils that
lived below the paleo-sea level at which C ﬁxation within indige-
nous shells occurred cannot be conﬁrmed. Therefore, it is useful
to consider the ecology and habitat preferences of L. elliptica prior
to interpreting the radiocarbon composition of fossil remains.
L. elliptica is an endemic suspension feeder that is widely dis-
tributed around Antarctica, occurring as dense patches in subtidal
(sub-littoral zone) soft-sediment areas, and is one of the most con-
spicuous members of infaunal assemblages (e.g. Dell, 1990; Ahn,
1993; Cattaneo-Vietti et al., 2000; Ahn et al., 2004; Norkko et al.,
2005). The vertical and spatial distribution of L. elliptica is mainly
controlled by benthic habitat stability and food availability (Ahnet al., 2003; Urban and Mercuri, 1998). In King George Island,
Ahn (1994) reported that L. elliptica began to appear in the subtidal
zone (depth >6–7 m).
Ice impact in areas near intertidal (littoral) zones is a prevailing
physical factor that affects the vertical distribution of L. elliptica.
Below the ice-impact zone, optimum biological interactions
(including the light regime and primary production) act as the
main structuring force on the benthic community (Ahn, 1994;
Ahn and Shim, 1998; Sahade et al., 1998). L. elliptica lives buried
in the sediment (burrowing depth >50 cm) with the aid of large si-
phons, and reaches a length of approximately 100 mm over 12–
13 a (Ralph and Maxwell, 1977; Zamrano et al., 1986). Considering
this ecological context, it is propose that the habitat depth of L.
elliptica (below sea-level: corresponding to a benthic position
within the subtidal water column), in combination with its bur-
rowing depth (below the sea ﬂoor: corresponding to siphon length
>ca. 0.5 m) yields a depth offset of DH (Supplementary informa-
tion), which in turn yields (DT) an age offset with regard to the cal-
endar age (Fig. 9b).
A linear approximation model of emergence age was applied
based on the transition of sedimentary facies. Relative sea-level
changes based on the ages obtained for the marine–lacustrine tran-
sitions, Eqs. (1) and (2) (Fig. 9) gives a crustal uplift rate kSk,Ok of
3.2 mm yr1 (r2 = 0.98, based on marine–fresh water transitions)
which compares well with estimates based on the data which is
kL.elliptica to be 3.2 mm yr1 (r2 = 0.68). It is important to note that
the rate constants of Eqs. (1) and (2) were very similar each other
while the latter had a y-intercept (i.e., 3.4). Hence, the burial age
(DT) of fossilized L. elliptica would correspond to the difference be-
tween Eq. (1) and Eq. (2) along the time (cal a BP) axis (Supplemen-
tary information).5. Conclusions
(1) The sedimentary facies and biological facies were investi-
gated in sediment cores from two lakes on the Soya Coast,
Lützow-Holm Bay, East Antarctica, and marine–freshwater
transitions were identiﬁed. A combination of inorganic geo-
chemistry and N isotope analysis of organic matter, supple-
mented by diatom species assemblages (and fossil DNA and
16S rRNA for L. Skallen) clearly document a transition from a
marine to freshwater aquatic environment in both lakes,
with the transition occurring at 2940 ± 100 cal yr BP at L.
Skallen and 1060 ± 90 cal yr BP at L. Oyako. Based on these
estimates, the late Holocene crustal uplift rate of the Soya
Coast is estimated at 3.2 mm yr1 which is faster than other
ice-free areas such as the Lambert Glacier region and Vest-
fold Hills.
(2) The estimate of the crustal uplift rate is supported by a
regional survey of radiocarbon dates of fossils of the ende-
mic suspension feeder L. elliptica. An improved understand-
ing of the ecology of these organisms would represent a key
advance in integrating geological and geochemical age mod-
els for the precise determination of the rate and extent of
crustal uplift during the late Holocene.Acknowledgments
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